I. Introduction
The photoinduced phase transition (PIPT) and its related macroscopic properties have attracted much interest with regards to both fundamental physics research and the potential for future applications, such as optical switching devices. This is because the PIPT involves nonlinear and non-equilibrium processes resulting from cooperative interactions between excited states. [1] [2] [3] [4] [5] [6] [7] [8] According to the theoretical framework for PIPT dynamics, the cooperative interactions induced by photoexcitation stimulate the formation of a domain accompanied by local lattice distortions; a precursor of the PIPT.
The domain subsequently multiplies in size by an avalanche effect, leading to a macroscopic phase transition. [1] [2] [3] Ultrafast measurements are therefore indispensable when it comes to understanding the whole PIPT mechanism by revealing the electron-phonon dynamics, and have been extensively applied to various kinds of materials showing PIPTs, for example organic ionic crystals. [9] [10] [11] [12] [13] By performing ultrafast pump-probe spectroscopy, the low frequency lattice vibrations related to the PIPT-which are assigned as Raman active modes-generally manifest as oscillatory components in the reflectivity and absorbance change spectra. In contrast to the Raman active modes, little is known about the complementary infrared (IR) active modes that are also relevant to the PIPT. The recent development of terahertz time-domain spectroscopy (THz-TDS) has enabled the investigation of IR active modes. [14] [15] [16] [17] The strongly correlated organic radical, 1,3,5-trithia-2,4,6-triazapentalenyl (TTTA), is a promising candidate for the study of PIPT dynamics. TTTA has a very simple molecular structure consisting of only eight atoms: three sulfur, three nitrogen, and two carbon atoms. Its crystal exhibits a metastable magnetic state around room temperature (RT), as evidenced by the significant hysteresis between the low temperature (LT) diamagnetic phase and the high temperature (HT) paramagnetic phase. 18, 19) Owing to the simple molecular structure and interesting magnetic properties, the electronic density of states of the TTTA crystal has also been modeled. It was found that the HT phase is a Mott insulator consisting of a one-dimensional stack of evenly spaced molecules due to strong correlation between unpaired electrons in the TTTA molecules, whilst the LT phase is a Peierls insulator that forms dimers. 2, 20, 21) Therefore, probing the intermolecular vibrations between TTTA molecules relevant to the stacking direction is straightforward and crucial for revealing the PIPT mechanism. 20) The properties of the PIPT were previously studied by photoinduced electron spin resonance (ESR) and Raman scattering. [22] [23] [24] Recently, the dynamics of the conversion from the self-trapped exciton (STE) state with local lattice distortions to the macroscopic photoinduced HT phase was investigated by photoluminescence (PL) and Raman scattering. [25] [26] [27] Under the two-photon absorption for the charge transfer (CT) exciton band, the PIPT from the LT to the HT phase via the STE state could be achieved. The PL due to the STE state in the LT phase first showed a red-shift and a decrease in the intensity with increasing photon density, finally reaching a critical photon density of 3.0x10 18 photons/cm 2 , after which the PIPT occurs. Subsequently, the Raman intensity in the HT phase increases with a slightly higher threshold photon density of 6.0x10 18 
II. Experimental
The TTTA crystals discussed here were grown by the sublimation technique, further details of which were reported elsewhere. 23, 28) As-grown crystals were prepared in the HT state with typical dimensions of 1.0 x 0.5 x 0.1 mm 3 . In order to measure the polarized transmittance spectra in the THz frequency region, as-grown TTTA crystals with a thickness of less than 0.1 mm were chosen. Two of these HT phase crystals were mounted onto two of four holes located on a copper plate sample holder with the b-axis aligned either longitudinally or vertically with respect to the horizontal direction of the sample holder, as shown in Fig. 1(a) . The other two holes were used to measure polarized reference THz waves. Since TTTA crystals are volatile, the sample holder was sandwiched by two additional thin copper plates and sealed with Si windows. LT phase crystals were obtained by cooling the HT phase crystals for several hours in a temperature-controlled cryostat at liquid nitrogen temperature.
Figure 1(b) shows the experimental setup for our broadband THz-TDS. In our measurements we used a mode-locked Ti:sapphire laser as the light source, with a pulse duration of 20 fs; repetition rate of 78 MHz; central wavelength of 800 nm; and an average power of 400 mW. The laser output was divided into two beams: one main part was used as a pump pulse to generate a THz wave that was focused onto a photoconductive antenna with a 400 µm gap; the other beam was used as a probe pulse and was focused onto a dipole-type photoconductive antenna (GaAs) with a 5 µm gap in order to detect the THz wave. A bias voltage of 250 V was applied to the generation antenna to enhance the intensity of the terahertz wave and the optical setup was purged with nitrogen gas to reduce water vapor. To avoid phonon absorption by the GaAs antennas, both the generation and detection antennas were used in the reflective configuration. Further details of this experiment are reported elsewhere. 29, 30) When performing photoconversion from the LT to HT phase, we used an optical parametric oscillator (OPO) coupled with a 5 ns pulse Nd:YAG laser (the excitation light source). The output photon energy was 0.85 eV (1.45 µm), which gave an effective photoinduced conversion from the LT to the HT phase via a two-photon absorption for the CT exciton band located at 1.7 eV. The two-photon absorption process can dramatically reduce sample heating, thermal diffusion and stress coming from the spatial excitation inhomogeneity, and therefore, it offers clear information on PIPT. 26, 27) After each one-shot excitation on the LT phase crystal for a given excitation photon density, the THz absorption spectra was measured using broadband THz-TDS. Because the observed THz absorption bands lie in the lower THz frequency region, they might be attributed to the intermolecular vibrational modes in the TTTA crystal.
III. Results and discussion

A. Intermolecular vibrations in the THz frequency region
When performing temperature-dependent absorption and precise photolysis measurements, we could not successfully detect the 1.3 THz band probably due to the following reasons. First, the intensity of the 1.3 THz band was ~5 times weaker than that of the 4.0 THz band. Second, the spot size (~300 µm) of the 1.3 THz electric field coming from the diffraction limit is comparable with sizes of the sample width and the sample holder. Because TTTA is highly volatile, the sample width became smaller during the experiments in an air-evacuated cryostat. As a result, some part of the lower THz field might directly pass thorough a gap of the sample holder, and thus, the vibrational peak at 1.3 THz may not be sensitively detected. Therefore, we will now focus on the 4.0 THz band observed in the E⊥ spectra.
The FT of the E⊥ spectra at different temperatures (on heating and cooling) is shown in Figure 3 (a). As the temperature was decreased (cooling), an absorption peak at 4.0 THz suddenly appeared below 230 K. As the temperature was increased (heating), on the other hand, the absorption peak remained up to 310 K where it abruptly decreased. The temperature dependence of this absorption peak on cooling (closed squares) and heating (closed circles) is shown in Fig. 3(b) . As a reference, the corresponding ESR signal is also shown by broken and dotted curves for cooling and heating, respectively. 23) As shown in Fig. 3(b) , the temperature dependence of the absorption peak at 4.0 THz indicates a first-order phase transition with large hysteresis, and is in quite good agreement with the measured ESR intensity. This indicates that the observed THz absorption peak at 4.0 THz corresponds to an intermolecular vibrational mode that is also relevant to the magnetic phase transition in TTTA.
B. Symmetry arguments of the observed vibrational modes
In order to elucidate the relationship between the observed THz absorption peaks and the magnetic phase transition, we considered the origin of these modes based on the symmetry of the crystal. [31] [32] [33] Focusing on the little group characterized by the wave vector k=0 (which is equivalent to the space group itself), we analyzed the intermolecular vibrational modes at the Γ point in the first Brillouin zone. The HT phase has four TTTA molecules per unit cell and belongs to the P2 1 /c space group [ Fig. 4 (a) ], 18, 19, 33) which has an inversion center, a twofold screw axis, and a glide plane perpendicular to the screw axis. The translation is described by l=l a t a + l b t b + l c t c using primitive translation vectors (|t a |=a, |t b |=b, |t c |=c) and the integers, l a , l b , l c . We also define the displacement, r n = (x n , y n , z n ), in the Cartesian coordinate system for each TTTA molecule center (n=1, 2, 3 and 4), as shown in the inset of Fig. 4 (a) . The normal intermolecular vibrations at the Γ point are expressed by: ,
where the coefficients α n , β n , and γ n indicate the motion of each molecule. Here, the rotational motions of the molecules are ignored because it might not be the dominant well.
We will now consider the intermolecular vibrations of the LT phase in the same manner. The LT phase also has four molecules per unit cell and belongs to the space group [ Fig. 4(b) ], 18, 19, 33) which only has an inversion center with respect to point group actions. As with the HT phase, the normal vibrational modes are classified into: 
C. The photoinduced LT diamagnetic to HT paramagnetic phase transition probed by IR-active intermolecular vibrations
Finally, we shall demonstrate the photoinduced diamagnetic to paramagnetic phase transition of TTTA single crystals probed by broadband THz-TDS. by circles on Fig. 6(b) . 27) The THz absorption intensity decreased with increasing excitation photon density above a threshold photon density of ~3.0x10 18 photons/cm 2 .
Note that this threshold value is in good agreement with that of the PL measurement. 27) This indicates that the observed intermolecular vibrations are directly responsible for the PIPT in TTTA.
Under intense photoexcitation, STE states accompanied by local lattice distortions are generated in the LT phase. Subsequently, an excited domain is formed (that multiplies in size) as a precursor for the PIPT. Our present results show that the THz absorption band relevant to the LT phase simultaneously disappears at this stage.
Eventually, the PIPT from the LT to the HT phase completes and the Raman modes that characterize the HT phase emerge with slightly higher threshold excitation densities.
IV. Conclusion
In conclusion, we have investigated the intermolecular vibrational modes relevant to the photoinduced magnetic phase transition in strongly correlated organic TTTA crystals using broadband THz-TDS. Two THz absorption bands were observed at 1. 
